The vibration induced by metros is having a growing impact on people's daily work and life. This paper proposes a propagation rule and an evaluation method for vibration based on experimental data on the ground and inside a 4-story building subjected to trains running on an elevated bridge in Guangzhou, China. This paper discusses the propagation characteristics of the vibration wave in different directions on the ground and inside the building. Then, a vibration level attenuation model of an elevated bridge section of Guangzhou was built using a linear regression method. Moreover, a finite-element model of a test building was built to study the influence of the building structure on the building vibration response. The results reveal that vertical vibrations are much larger than the horizontal vibrations on the ground and inside the building near the elevated bridge. This paper found a rebound acceleration area at a distance of 10-15 m away from the bridge. Inside the four-story building, the acceleration levels increased gradually with increasing floor level. Slab thickness had little effect on the vibration and the story height of the building along the elevated bridge should be limited to below 3.7 m. Moreover, proper column size can effectively reduce building vibrations.
I. INTRODUCTION
Economic globalization and world urbanization are developing rapidly. However, these developments raise a contradiction between the expansion on an urban scale and the reduction of land resources. The metro has become an effective way to alleviate traffic pressure, because of its large volume, high speed and low air pollution. By the end of 2016, 30 cities in China established rail transportation systems, which include more than 133 lines with a total length of 4152.8 km [1] . The vibration pollution due to rail transportation is becoming more and more serious. Exposure to vibration from environmental sources such as railway and metro is thought to result in adverse effects. Vibrations can do harm to the human body. This harmful physical factor endangers human health not only at work but also in everyday life [2] . The exposure to vibrations can affect the function of the nervous system and lead to physiological changes [3] . Moreover, long-term exposure to vibrations can result in hyperactivity of the sympathetic nervous system [4] .
A detailed review of testing and analysis on railwayinduced vibration has been carried out [5] . To address groundborne and building vibrations, field experiments and surveys have been conducted in Mexico [6] , Portugal [7] , Japan [8] , Spain [9] , Athens [10] and China [11] . Moreover, many theoretical studies considering the connection between trains and bridge had been conducted [12] - [14] . There are different indicators for the vibration level around the world, such as the root-mean square value [15] , the vibration velocity level [16] and the vibration acceleration level [17] . Considering a three-dimensional finite element model, a simulation of the acceleration level of different railway infrastructure elements was conducted [18] . However, the model only considered a rail track on the ground without considering an elevated bridge or underground tunnel. A study that included the Beijing Metro Line 5 performed a test for environmental vibration induced by trains on an elevated bridge [19] . In that study, building vibrations were not measured, which are significant to the construction of metros.
Large vibrations, which are created by the frequently moving trains, can directly pass through columns and walls to the upper floors [20] . Greater vibrations in over-track buildings can be induced by these waves that have a high energy [21] . Moreover, in consideration of the current needs of reliable measurement data for the construction of metros and buildings near the bridge, it is significant to fully understand the characteristics of train-induced vibrations on the ground and in the near-bridge buildings and to develop effective methods to weaken the vibration levels.
In this study, measurements were performed to determine the influence of metro-induced vibration on the ground and inside a 4-story building near an elevated bridge. Because there are so many similar structures along the subway, this study selects one of them to research. The results can be extended to other buildings in the area and will be useful for the planning and design of vibration mitigation methods on the ground and to minimize the vibration levels in near-bridge buildings.
II. EXPERIMENTAL PROGRAM A. EXPERIMENTAL SITES
The measurements were performed in Guangzhou, a city in southern China. The elevated bridge is part of Guangzhou Metro Line 4 as shown in Fig. 1 . Vibration measurements were performed under the elevated bridge at different distances away from the centerline of the bridge and inside a 4-story building. The ground test line set in this experiment was perpendicular to the direction of metro operation. There were 6 test points. The test point under the bridge was set in the middle of the bridge piers. The soil parameters of different soil layers at experimental ground were shown in Table 1 . The tested 4-story building was built in 2016, which had a concrete frame construction with walls that were made of concrete bricks. The detailed experimental setting is shown in Fig. 2 .
The experiments were conducted from March to April 2017 for a total of 6 times. The vibration data generated by 43 trains in three directions were collected. For all the recorded train passages on the bridge, the speeds ranged from 66 km/h to 76 km/h. The collected data were sorted according to different distances and floors. 
B. INSTRUMENTATION
The instrumentation used in the measurement included NI9234 acquisition cards ( Fig. 3a) with 4 channels and ULT2061 three-direction accelerometers (Fig. 3b) which were integral electronic piezoelectric acceleration sensors. The accelerometers with the sensitivity of 0.1 V/m/s 2 were mounted at target locations with a measuring range The range of frequency measurement was 0.1-1000Hz. This equipment could simultaneously measure the acceleration of the vibration in three directions for 6 measuring points. All instruments were calibrated before the measurement.
III. VIBRATION ANALYSIS OF THE CHARACTERISTICS A. GROUND-BORNE VIBRATIONS
This chapter includes the measured vibration data and shows the analysis of its time history and frequency domain to understand the characteristics and attenuation role of the ground-borne vibration. It was observed that the metro vibration duration was approximately 6 s. The vertical acceleration was much larger than the horizontal acceleration at the measured ground location. The peak acceleration of the near field in the V direction was 0.125 m/s 2 which is almost 2 times larger than in the other two directions. That is because the vibration generated by the metro is in the vertical direction. When the acceleration spread from 0 m to 5 m, the accelerations in all directions decreased, and the vertical acceleration had a maximum attenuation from 0.125 m/s 2 to 0.046 m/s 2 , which was a decrease of nearly 63%. Possibly, the vertical vibration was mainly made of Rayleigh waves whose attenuation was faster than P and S waves [22] .
2) FREQUENCY SPECTRUM ANALYSIS OF THE VIBRATIONS
Although the magnitude of the vibrations generated by the metro operation is random, it satisfies a Gaussian distribution with a mean value of 0 [23] . As a consequence, the time history curves can be regarded as the result of a superposition of many different frequencies of sinusoidal waves.
Thus, a Fourier series, like (1), can be used to describe the time history data acquired at the scene.
Since the time domain signals acquired on the ground are discrete signals with a limited length, a discrete Fourier transform can be used to process the data. The formula is given as (2) and (3).
The Fast Fourier Transform algorithm [24] is adopted in this paper, because its computing results meet demand with shorter computing time. Assuming that there are N points, compared to the computational complexity 2N 2 of DFT (Discrete Fourier Transform), the computational complexity of FFT is only (3N/2) log 2 N [25] .
For a further understanding of the characteristics of vibrations induced by trains, Fig. 5 shows the amplitude frequencies for 0 m and 5 m in three directions, which is averaged by measured data with 35 passing-by trains. As shown in Fig. 5 , the distribution of peak acceleration dispersed in different directions. The T direction at 0 m shows a peak at 88 Hz. The V direction at 0 m shows a peak at 55Hz. When the vibration wave spread from 0 m to 5 m, the attenuations of the dominant frequency bands like 50Hz and 75Hz were larger with average 75% declines. Luo et al. obtained similar results based on the car-line-bridge coupling dynamic model that components of higher frequency decay more quickly with the increase of vibration wave propagation distance [26] . In other directions, the location of the predominant frequencies remained almost unchanged. (4) and (5).
The research frequency is 1-80Hz, which is main frequencies of vibrations that influence humans in [27] and [28] . For the vibration level of the same measured point in different directions (Fig. 6a) , for the 1-1.6 Hz band, the vibration level of the L direction was larger than in the other two directions. However, for the 1.6-10 Hz band, the vibration level of the T direction was the largest, and the V direction vibration level was higher than the other two directions for the 10-80 Hz band. Thus, the vibration has its dominant frequency band in different directions. The dominant frequency band is determined by the soil layer composition.
As Fig. 6(b) shows, the changing tendency of the vibration level with various different distances away from the elevated bridge is approximately the same. The vibration level in the V direction of 1-1.6 Hz increases with the increase of distance from the bridge. For the 1.6-16 Hz frequency band, the vibration level is basically the same at different distances. There is a trough of a wave at 16 Hz, which suggests that the soil at the test site absorbs vibrations at frequencies of 16 Hz.
3) THE ATTENUATION OF PEAK ACCELERATION
To understand the attenuation role of ground-borne vibrations in different directions, Fig. 7 plots the attenuation of peak acceleration as a function of distance, which is the average of 35 sets of data. And peak acceleration in different directions and distances of one set is measured simultaneously. As shown in Fig. 7 , the peak acceleration decreases with increasing distance away from the bridge. However, there is a vibration rebound acceleration area in all three directions 10-15 meters away from the elevated bridge. For example, at a distance of 5 meters, T direction acceleration decays rapidly. When the wave spreads to 15 meters, the vibration increases from 0.036 m/s 2 to 0.039 m/s 2 . Then, it decreases to the minimum at 30 meters away from the bridge. The rebound range at 15 meters is approximately 8.33%. The reason for the rebound range is that the acceleration in the 50-80 Hz band increases at 15 meters (Fig. 6b) . This increase is possibly affected by the soil layer composition and bridge height.
B. FLOOR VIBRATIONS IN THE 4-STORY BUILDING
This chapter includes the measured vibration data in the building and describes the analysis of its time history and frequency domain to understand the characteristics and variation trend of the vibrations on different floors. The position selected for acceleration measurement on every floor was the same, which was mid of one slab in the living room. The vibrations of the building caused by 8 passing-by trains were collected. When a train passes by, the vibrations in different directions and floors would be measured simultaneously.
1) TIME HISTORY ANALYSIS OF THE VIBRATIONS
The authors set up the accelerometer at the same position on different floors. When the train passed, the accelerometers recorded the acceleration data for different floors in the building. Fig. 8 plots the time history samples for each floor in three directions. Generally, the vertical vibration was higher than in the other directions, and the acceleration in the building exhibited the same features in [20] and [29] . The peak acceleration in the V direction of the 1st floor was 0.012 m/s 2 which is almost 2 times larger than in the other two directions. As shown in Fig. 8 , the acceleration in three directions increased gradually with the increase of floor. The increase in the V direction was the largest, which was from 0.012 m/s 2 for the 1st floor to 0.033 m/s 2 for the 4th floor, an increase of 175%.
2) FREQUENCY SPECTRAL ANALYSIS OF THE VIBRATIONS
For a further understanding of the characteristics of the vibrations induced by the trains, the frequencies of the vertical vibrations of every floor are shown in Fig. 9 .
In order to avoid the influence of other factors on the frequency domain analysis, several frequencies were chosen to analyze the propagation of vertical vibrations. The low frequency vibrations below 16Hz slightly increased with the rise of the floor. The average increase from 1 st floor to 4 th floor of vibrations under 20Hz is about 70%. The vibration in 2.5Hz was higher than other low frequency vibrations which was caused by natural vibration periods of whole building [30] . However, the vertical vibrations above 20Hz decreased on the middle floors with a 67% decline and increased significantly again on the top floor. The variation trend of vibration at different frequencies is different because along the direction of the vibration wave propagation, the concrete floor yields a damping effect; however, the dissipative degrees differ for elastic waves with different frequencies [31] .
3) VARIATION TREND OF THE VIBRATIONS
The maximum and average velocity levels at different floors are summarized in Table 2 . The vertical acceleration levels were an average of 6 dB greater than the horizontal levels, which demonstrates that metro-induced vibrations inside buildings primarily occurs in vertical directions. of vibrations that influence humans is within 1-80 Hz. The data in Fig. 10 were filtered to 80Hz before verification of the serviceability limit. The vibration influence criteria of GB-10070 [17] gave a limit value of 70 dB for train-induced vibrations for institutional land uses with primarily daytime use and established vibration criteria with a limit of 67 dB for residences and buildings where people normally sleep. The measured vibration in the V direction of this building was already above the standard. This means that people living in this test building will be affected by the running metro on the elevated bridge. It suggests that careful study of other near-bridge building constructions is required and to possibly avoid building within 40 m of an elevated bridge.
IV. VIBRATION PREDICTION
According to the measured data of ground-borne vibrations under the elevated bridge, the vertical acceleration level propagation formula can be fitted via a statistical regression method. There are many factors that affect the environmental vibrations of an elevated metro, such as the span of the bridge, soil properties, axle load and quality of the beams. In reality, it is difficult to consider all factors. Therefore, focusing on the main factors can achieve reasonable results. This regression method does not consider the train speed and other factors except for the distance from the bridge.
According to previous research and experimental data, the acceleration level is basically linear with the logarithm of the distance away from the centerline of the bridge. This study applies the empirical calculation formula as (6) for the elevated bridge from the Japan National Railway Technology Research Institute [32] .
Based on the environment of the field, R 0 is set to 10 m. The authors also set y = VL, a = VL 0 , b = −dVL/log 10 2, and x = log 10 (R/10). Then, (6) can be changed into:
The linear regression analysis can be performed by the least square method, and values a and b, which give the regression result for satisfying the residual minimum, can be obtained. 35 groups of measured data are calculated.
The authors obtained VL 0 = 85.83 dB and dVL = 3.12 dB.
Since the original data was sample data and there was a deviation from the overall data, it was necessary to check the error of parameters a and b obtained via the linear regression analysis. The significance test was conducted with the t-test as (8)-(10).
For n = 198, the result obtained via the calculation was |t| = 424.3 > t α=0.001 = 3.340. This means that at 99.9% confidence, there is a linear relationship between x and y. Moreover, the regression correlation coefficient, R 2 , calculated according to (11) was 0.6251.
Thus, the authors can obtain the viaduct section of Guangzhou Metro Line 4, and the attenuation formula for the ground-borne vibrations is shown in (12) .
To verify the exactness of this model, Table 3 shows a comparison between the measured values and the predicted values. Two groups of measured data were not used to calculate the VL 0 and dVL values, which worked as a validation set in Table 3 .
The difference between the predictions and the field measurements is within the acceptable range, which is 3.24 dB on average. Fig. 11 plots the comparison between measured values and regression results.
V. INFLUENCE OF BUILDING STRUCTURE ON VIBRATION RESPONSE A. ESTABLISHMENT OF THE STRUCTURAL SIMULATION MODEL
Many researchers developed finite element modeling to study vibration propagation rule like [33] and [34] . In this study, to determine the influence of the building structure on the building vibrations, finite element modeling was applied to the test building using SAP2000, an integrated software for structural analysis and design. This paper simulates the upper part of the building with its actual framework. The building model is shown in Fig. 12(a) . And Fig. 12(b) plots the structure plan view of the test building.
To achieve an accurate simulation of the structural vibrations, the model's cross section and material are the same as for the actual structure. The story height of the test building is 3 m, the plane is rectangular, the slab thickness is 100 mm, the size of the column is 250 × 250mm and the concrete material is C30. The load cases are composed of linear static, modal and linear modal history, and the type of linear modal history is time history, which is the acceleration measured on the 1st floor. Area uniform loads to frames with static pattern and frame loads are gravity static pattern.
Eigen model analysis was applied to the numerical model. The mean period for the modelled building was 0.453s, which was close to the reference period 0.436s calculated by using (13) from ASCE [35] . Where c t is set as 0.0466 and x is set as 0.9 for reinforced concrete structure. H is the height of test building.
B. COMPARISON OF THE NUMERICAL AND MEASURED RESULTS
To demonstrate the accuracy of the simulation model, the numerical and measured results were compared. The measured data is the same as in Fig. 8(c). Fig. 13 plots the comparison of the measured and numerical results for the 4th floor. As shown in Table 4 , the difference between the rootmean square values of the numerical and the measured results is less than 2dB. The error for each measuring point is within the acceptable range. The time history of measured data and numerical result basically coincide. And there are coincidences of vertical vibrations in both low frequency and high frequency as Fig. 13(b) . Thus, the numerical results are reliable. VOLUME 6, 2018 
C. INFLUENCE OF SLAB THICKNESS ON THE VIBRATION RESPONSE TO THE METRO
To understand the influence of slab thickness on the vibration response to the metro, five models were established. All of the structural factors are the same except for the slab thickness. The slab thicknesses are 100 mm, 110 mm, 120 mm, 130 mm and 140 mm. Fig. 14(a) plots the influence of slab thickness on the vibration response.
The acceleration level decreases slightly when the slab thickness varies from 100 mm to 110 mm. During the change from 110 mm to 140 mm, the change curve slowly rises. In general, as the slab thickness increases, the acceleration level in the building exhibits no significant change which is within 1 dB. The change curve is basically horizontal, which means that the slab thickness has little effect on the vibrations.
D. INFLUENCE OF STORY HEIGHT ON THE VIBRATION RESPONSE TO THE METRO
To determine the influence of story height on the vibration response to the metro, ten models are established. All of the structural factors are the same except for the story height. The story heights are 3-3.9 m and the step length is 0.1 m. Fig. 14(b) plots the influence of story height on the vibration response.
The acceleration level has no significant change when the story height varies from 3 m to 3.5 m with a 1.72 dB/m growth rate on average. The minimum vibration level is 66.08 dB for the story height of 3.3 m. However, with a change from 3.7 m to 4 m, the growth rate of the vibration level was 3.9 dB/m. This indicates that the story height of the buildings along the elevated bridge should be limited to below 3.7m, which should not be too high. With the increase of column size, the acceleration level decreases first and then increases. The acceleration level is smaller when the column sizes are 250 × 250 mm and 300×300 mm, which are consistent with the limits mentioned in the Chinese standard [36] . When column size is 400 × 400 mm, the acceleration level for the 1st floor is 68.65 dB, which is 2.4 dB higher than the acceleration level with a column size of 250×250 mm. This means that proper column size like 250 × 250 mm and 300 × 300 mm can effectively reduce building vibrations.
VI. CONCLUSION
Field tests and simulations relative to the train-induced vibration on the ground and inside a 4-story building near an elevated bridge in Guangzhou, China have been presented. The goal of this study was to fully understand the propagation of train-induced vibrations near the elevated bridge and to provide a quantification of the vibration data for designers to develop safe and effective measures to weaken the acceleration levels in nearby buildings. Slab thickness, story height and column size were selected to study the influence of the building structure on the building vibration response to the metro.
For ground vibrations, the control of the vibrations should mainly focus on the vertical direction near the elevated bridge. With increasing distance away from the elevated bridge, the trend of the acceleration do not decrease monotonically; however, a rebound acceleration area at a distance of 10-15 m away from the bridge is found. The rebound ratio is approximately 9%.
The vibrations in different directions have different dominant frequency bands. This suggests that the vertical vibration is not always the largest for different frequency bands. When the frequency is less than 10 Hz, the dominant direction is the L or T direction, and when the frequency is greater than 10Hz, the dominant direction is the V direction. According to this result, relevant departments can formulate standards for vibrations in different directions.
The predicted models for ground-borne vibrations caused by metros on the elevated bridge provide a first estimation based on existing models. This estimation can be used in the design and assessment of elevated rail transit systems.
For the 4-story building vibrations, the acceleration levels increase gradually with increasing floor, and the frequencies of vibration transmitting to the test building are similar to the frequencies of the ground-borne vibration.
The building model established in this paper conforms to the test building. The difference between the root-mean square values of the numerical and the measured results is within the acceptable range, which is 1.13 dB on average.
A series of simulated models have been set to study the influence of slab thickness and story height on the vibration response. The results demonstrate that the slab thickness has little effect on the vibration because the acceleration level in the building has no significant change, which is within 1 dB. Additionally, the story height of buildings along the elevated bridge should be limited to below 3.7 m and proper column size like 250 × 250 mm can effectively reduce building vibrations.
According to the limit value of 75 dB given by the FTA (2006), no higher than 3-story buildings should be built within 40 m of both sides of an elevated bridge. 
